Sulfate attack is one of the most important problems affecting concrete structures, especially magnesium sulfate attack. This paper presents an investigation on the mechanical properties and damage evolution of high performance concrete (HPC) with different contents of fly ash exposure to magnesium sulfate environment. The microstructure, porosity, mass loss, dimensional variation, compressive strength, and splitting tensile strength of HPC were investigated at various erosion times up to 392 days. The ultrasonic pulse velocity (UPV) propagation in HPC at different erosion time was determined by using ultrasonic testing technique. A relationship between damage and UPV of HPC was derived according to damage mechanics, and a correlation between the damage of HPC and erosion time was obtained eventually. The results indicated that (1) the average increasing amplitude of porosity for HPCs was 34.01% before and after exposure to magnesium sulfate solution; (2) the damage evolution of HPCs under sulfate attack could be described by an exponential fitting; (3) HPC containing 20% fly ash had the strongest resistance to magnesium sulfate attack.
Introduction
Nowadays, high performance concrete (HPC) is increasingly being used in the field of construction engineering. However, these engineering structures are regularly subjected to aggressive environment. Sulfates, as highly soluble salts, are considered to be one of the main problems affecting concrete structures. Sulfate attack is generally leading to the volume change and cracking, which results in concrete deterioration. In addition, sulfates are widespread in environment, such as underground water, soil, sea water, or industrial waste water [1] . What is more, magnesium sulfate (MgSO 4 ) has the fastest, most severe effects on concrete [2] . Hekal et al. [3] have testified that magnesium sulfate is more severe than sodium sulfate concerning the influence on the properties of concrete. The chemical reactions between concrete and magnesium sulfate are summarized as follows: (1) the sulfate ion (SO 4 2− ) reacts with the aluminate and portlandite to form gypsum and ettringite, respectively; (2) the magnesium ion (Mg 2+ ) may react with hydroxyl ion (OH − ) to form brucite [Mg(OH) 2 ] or the magnesium can partly replace the calcium in calcium silicate hydrate (C-S-H). Therefore, the magnesium silicate hydrate (M-S-H) that has no binding properties can be formed in the second reaction, and thus the hydrated paste becomes soft and incoherent [4] [5] [6] .
Up to now, the effects of magnesium sulfate on ordinary concrete have been studied extensively, and there are a lot of investigations conducted into these effects [7] [8] [9] [10] [11] . The study on the impact of fly ash on the sulfate resistance properties by Sumer [8] has indicated that the addition of fly ash can significantly increase the resistance to magnesium sulfate attack. The investigation by Chousidis et al. [9] has shown that the durability of concrete can be improved by adding fly ash with high SO 3 and free CaO contents, but the mechanical properties of concrete can be reduced due to the addition of fly ash with significant amounts of clay 2 Advances in Materials Science and Engineering minerals. Furthermore, the use of fly ash is conducive to resisting the magnesium sulfate attack into concrete, because the microstructure of concrete becomes more compact due to the pozzolanic reaction [12] . Mostofinejad et al. [10] have carried out a research on the influence of magnesium sulfate concentration on durability of concrete. The results suggested that the 5% magnesium sulfate solution is considered to be the most deteriorating environment from the compressive strength reduction viewpoint, while the 14.7% magnesium sulfate solution is observed as the most severe environment from expansion aspect. However, the composition of HPC is usually different from that of ordinary concrete, and then the behavior of HPC under magnesium sulfate attack may be different from that of ordinary concrete.
As a new construction and building material with various excellent properties, HPC has been widely used in modern concrete structures, while information on the behavior of HPC under magnesium sulfate attack is rather limited and needs to be updated. Uysal and Sumer [13] have presented an experimental investigation on the influence of fly ash on durability of self-consolidating concrete under magnesium sulfate attack, and the results indicated that the addition of fly ash can substantially improve the resistance of selfconsolidating concrete against magnesium sulfate attack. Another study concerning the long-term performance of self-consolidating concrete under magnesium sulfate attack by Siad et al. [1] has shown that the resistance of selfconsolidating concrete under magnesium sulfate attack can be improved due to the addition of natural pozzolan. Silica fume is also used as supplementary cementitious material for the production of HPC, because of its pozzolanic reactivity and microfiller effect. In addition, the fluidity of fresh concrete can be improved due to the addition of silica fume, which may be caused by the dispersing power of the plasticizer coupled with silica fume particle packing between cement grains displacing water or by a ball-bearing effect of silica spheres [14] . However, Behfarnia and Farshadfar [15] have pointed out that silica fume has negative effect on durability of self-consolidating concrete subjected to magnesium sulfate attack, and the debility in specimens containing silica fume is because of formation of magnesium silicate hydrate (M-S-H), a nonadherent substance, in such kind of concrete. Harbec et al. [16] have carried out an investigation on mechanical and durability properties of HPC, and the findings demonstrated that the pozzolanic reaction of glass fume contributes to controlling the expansion of HPC due to sulfate attack. In addition, it has been testified that the deterioration of concrete under sulfate attack is affected by many parameters, such as sulfate concentration [10] , water to binder ratio [17, 18] , participant cation [3, [19] [20] [21] , temperature [22] , pH [23] , and even specimen's size [24] .
The study aims to design a new kind of HPC that has characteristics of both high strength concrete and selfconsolidating concrete, based on which the mechanical properties and damage evolution of HPC with different contents of fly ash under magnesium sulfate attack were comprehensively investigated. To this end, the porosity, mass loss, dimensional variation, compressive strength, and splitting tensile strength of HPC were studied at various erosion time up to 392 days. In addition, the ultrasonic pulse velocity (UPV) propagation in HPC at different erosion time was determined via ultrasonic testing technique. According to damage mechanics, a relationship between damage and UPV of HPC was derived, and a correlation between the damage of HPC and erosion time was obtained eventually. 
Materials

Mix Proportions of HPC.
The mixtures of HPC used in the study are shown in Table 2 . According to the mix proportions shown in Table 2 , the cubic (size: 100 × 100 × 100 mm) and prismatic (size: 70 × 70 × 280 mm) specimens of HPC were cast. The specimens were covered with plastic sheets after casting and were cured 24 hours at ambient condition, after which point the specimens were demolded. And then the specimens were placed into a curing room for curing over a span of 28 days with a temperature range of 21 ± 1 ∘ C and relative humidity of above 95%. 90 cubic and 3 prismatic specimens were prepared for each mixture.
Experimental
Wetting-Drying Test.
The medium used for immersion was 10% magnesium sulfate solution, and the temperature of the solution was maintained at 21 ± 1 ∘ C. The pH of the sulfate solution was holding in the range of 6.0-8.0 by adding an appropriate amount of sulfate acid solution (0.1 N H 2 SO 4 ). In addition, the magnesium sulfate solution was renewed every 56 days. The wetting-drying test was conducted in accordance with Chinese standard GB/T 50082-2009, but the variation of the experimental method was arranged in order to reduce the effects of high temperature drying. The revised wetting-drying test was shown as follows: the specimens were immersed in 10% magnesium sulfate solution for 7 days, and then they were taken out from their solution tank for 7-day natural drying (at ambient temperature). After this drying process the specimens were immersed in sulfate solution again. This wetting-drying cycle was repeated for 392 days.
3.2.
Microstructure. In order to study the microstructural evolution in HPCs before and after exposure to sulfate solution, the microstructure of HPCs was detected by utilizing a FEI 3D environmental scanning electronic microscopy (ESEM), and the micrographs of HPC2 were taken at different erosion times.
Porosity.
To investigate the porosity of HPCs before and after exposure to sulfate solution, the porosity of HPC with different contents of fly ash was determined quantitatively by a Micromeritics AutoPore IV 9510 mercury intrusion porosimetry (MIP). It should be highlighted that the specimen used for MIP test was mortar of HPC, and the coarse aggregate of HPC was removed during the process of specimen preparation.
Mass Loss.
In order to study the mass evolution of HPCs before and after exposure to sulfate solution, the mass of HPC with different contents of fly ash was measured by a high precision electronic balance with a sensitivity of 0.001 g at various erosion time. The mass loss ratio of HPC can be calculated by the equation as follows:
where 0 is the initial mass and is the mass of HPC after exposure to sulfate solution.
Dimensional Variation.
To investigate the dimensional variation of HPCs before and after exposure to sulfate solution, the length of HPC with different contents of fly ash was determined via a high accuracy digital length comparator with a precision of 0.001 mm. The expansion ratio of HPC can be calculated by
where 0 is the initial length and is the length of HPC after exposure to sulfate solution.
Mechanical Strength
Compressive Strength.
A universal testing machine was utilized to measure the compressive strength of HPC with different contents of fly ash at various erosion times. The loading rate was set as 0.30 MPa/s in the compressive test.
Splitting Tensile Strength.
The splitting tensile strength of each mixture at different erosion time was determined by the universal testing machine equipped with a splitting tensile setup at a loading rate of 0.03 MPa/s. It should be noted that the compressive strength and splitting tensile strength of HPC were measured in accordance with the Chinese standard GB/T 50081-2002, and the cubic specimens were also used in recent published paper for splitting tensile strength of sacrificial concrete [25] .
UPV Test.
The experiment on UPV in the study was conducted according to literature [26] . In the actual measuring procedure, the experiment on UPV was implemented according to CECS02-88 [27] . The specific parameters of ultrasonic inspection instrument are presented in Table 3 .
3.9.
Damage. When HPC is exposed to sulfate solution, damage is initiated in it. The damage leads to a variation in UPV propagation through HPC. According to damage mechanics, the relationship between damage and Young's modulus can be expressed as [28] 
where is the density of HPC and is Poisson's ratio. Assuming that sulfate attack has a negligible effect on the Poisson's ratio of HPC. According to (4), then
(1 − ) .
Substituting (5) into (3), the damage expression of HPC can be obtained:
where 0 and are density of HPC before and after exposure to sulfate solution, respectively. 0 and are UPV of HPC before and after exposure to sulfate solution, respectively.
The density of HPC before exposure to sulfate solution 0 was determined according to the Chinese standard GB/T 50080-2002 and can be expressed as
where 0 is the initial mass, 0 is the initial volume, and = 100 mm. Thus, the density of HPC after exposure to sulfate solution can be calculated from the following equation:
Consequently, the damage of HPC after exposure to sulfate solution can be calculated through (6) , since the density and UPV of HPC before and after exposure to sulfate solution can be obtained via experiment.
It should be stressed that the cubic (size: 100 × 100 × 100 mm) specimens were used for mass loss, compressive strength, splitting tensile strength, and UPV experiments, and the prismatic (size: 70 × 70 × 280 mm) specimens were utilized for dimensional variation experiment. In addition, 3 replicate measurements were carried out on the porosity, mass loss, dimensional variation, compressive strength, splitting tensile strength, and UPV experiments at various erosion time, and only the average values were reported so as to improve the accuracy of experimental results. The ESEM test of HPCs was carried out at 0 day, 84 days, 224 days, and 392 days, but the porosity, mass loss, dimensional variation, compressive strength, splitting tensile strength, and UPV experiments were performed at 0 day and every 28 days until 392 days.
Results and Discussion
Microstructure. ESEM investigations illustrated vivid
variations in the microstructure of HPC at different erosion time. Figure 1 presents the ESEM micrographs of HPC2 before and after exposure to sulfate solution. Note that the green square in Figure 1 was enlarged to show details and was presented in its right side and that energy dispersive spectrometer (EDS) analysis was carried out on the blue square in right micrographs.
As shown in Figure 1 , the matrix of HPC2 before exposure to sulfate solution presented a continuous microstructure with few microcracks, and the microcracks were due to sample making. A small amount of microcracks was observed at 84 days, and ettringite was found in the microcracks. The main elemental compositions of EDS area for HPC2 at 84 days were C, O, Mg, Si, S, Ca, and Pt, and their weight percent was 6.93%, 17.77%, 0.41%, 4.04%, 1.06%, 17.00%, and 50.91%, respectively, the result of which indicated that the material in the blue square was ettringite. The ettringite filled the cracks in HPC2 at this erosion time, which resulted in the decrease of its porosity. A fairly large number of microcracks emerged with the erosion time up to 224 days. The main elemental compositions of EDS area for HPC2 at 224 days were C, O, Mg, Si, S, Ca, and Pt, and their weight percent was 8.24%, 16.56%, 0.10%, 15.59%, 0.78%, 13.80%, and 43.62%, respectively, the result of which suggested that the material in the blue square was also ettringite. The ettringite was so much as to cause the expansion of HPC2 at 224 days. Connected cracks spread all over the specimen at 392 days, and the ettringite led to the cracking of HPC2. The main elemental compositions of EDS area for HPC2 at 392 days were C, O, Mg, Si, S, Ca, and Pt, and their weight percent was 21.70%, 22.54%, 0.48%, 3.20%, 0.31%, 11.10%, and 39.39%, respectively, the result of which indicated that the material in the blue square was also ettringite. The microstructure evolution of HPC2 under sulfate attack was in line with the results of Siad et al. [1] .
4.2.
Porosity. The porosity of HPCs at different erosion time is shown in Figure 2 .
As seen in Figure 2 , the porosity of HPCs decreased slowly before a sharp rise with the increase of erosion time, amplitudes of HPC0, HPC1, HPC2, and HPC3 were 39.07%, 31.01%, 29.95%, and 36.01%, respectively, which indicated that the average increasing amplitude of porosity for HPCs was 34.01% before and after exposure to 10% magnesium sulfate solution.
In general, the porosity of HPCs with fly ash (HPC1, HPC2, HPC3) was lower than that of HPC without fly ash (HPC0), which was mainly due to pozzolanic effect and microfiller effect of fly ash [29] . On the one hand, the microheads in fly ash could disperse well in concrete, and combined firmly with gel produced in cement hydration, and hence the matrix of concrete could be improved. On the other hand, the gel produced from pozzolanic action could fill in the capillary pore in concrete, which could effectively reduce the porosity of concrete. In addition, the porosity of HPC0 was the highest, followed by HPC3, HPC2, and HPC1, respectively, which suggested that HPC1 had the strongest resistance to magnesium sulfate attack in terms of porosity.
Mass Loss.
The mass loss ratio of HPCs before and after exposure to sulfate solution is presented in Figure 3 .
As illustrated in Figure 3 , the mass loss ratio of HPCs decreased firstly and then increased with the increment of erosion time, and a minimum value was reached at 84 days. This changing trend was accordant well with that of the porosity (Figure 2 ). Between 0 and 224 days, the mass loss ratio was negative, which indicated that the mass of HPCs was increased during this time. The phenomenon of mass gain for HPCs is in line with the results of high strength self-consolidating concrete under magnesium sulfate attack [1] . The mass gain could be due to water filling cracks, and to the water used to precipitate the hydrated phase, such as ettringite [30] . The mass loss ratio of HPCs, as a whole, was about between −0.25% and 1.60%.
After 336 days, the mass loss ratio of HPCs was increased significantly, which suggested that there was a sharp rise in the degree of deterioration in HPCs. Furthermore, the mass loss ratio of HPC2 was the lowest after 252 days, which indicated that this kind of HPC had the strongest resistance to magnesium sulfate attack in terms of mass loss ratio. It was worth noting that the mass loss ratio of HPC3 was higher than that of HPC0 after 280 days, which demonstrated that the sulfate attack resistance of HPC3 was even weaker than that of HPC0. That is, with this content (30%) of fly ash, the sulfate attack resistance of HPC could be decreased slightly. Figure 4 .
Dimensional Variation. The expansion ratio of HPCs at various erosion time is shown in
As seen in Figure 4 , the expansion ratio of HPCs decreased quickly and then increased rapidly with the increase of erosion time, and the expansion ratio reached the minimum value at 84 (HPC0, HPC2, and HPC3) or 112 (HPC1) days, the changing trend of which was matched rather well with that of the porosity (Figure 2 ). Between 0 and 196 days, the expansion ratio was negative except for HPC2 at 196 days, which was attributed to shrinkage of HPCs. This phenomenon of shrinkage for HPCs is consistent with the results of high strength self-consolidating concrete under magnesium sulfate attack [1] . The shrinkage of HPCs may be due to their autogenous shrinkage at early erosion time. The autogenous shrinkage of HPCs is caused by further hydration of cement and pozzolanic reactions of fly ash and silica fume. Overall, the expansion ratio of HPCs was approximately between −0.45% and 0.96%. The absence or the low expansion might be interpreted by the low value water to binder ratio of HPCs. According to Maltais et al. [31] , a reduction of water to binder ratio contributes to decreasing the transport properties of the material and thus limits the extent of deterioration. In addition, Neville [32] also pointed out that in high performance concrete there is limited pore space to accommodate the products of reactions with sulfate, namely, M-S-H, and gypsum that partly result in expansion.
After 280 days, the expansion ratio of HPCs with fly ash (HPC1, HPC2, and HPC3) was lower than that of HPC without fly ash (HPC0), which indicated that the sulfate attack resistance of HPC could be improved by adding fly ash. And this result was in line with published literature [9, 13] . In particular, the expansion ratio of HPC2 was the lowest at 392 days. That meant this kind of HPC (HPC2) had the strongest resistance to magnesium sulfate attack in terms of expansion ratio, the result of which was accordant with that of mass loss ratio (Figure 3 ).
Compressive Strength.
The compressive strength of HPCs before and after exposure to magnesium sulfate solution is presented in Figure 5 .
As illustrated in Figure 5 , the compressive strength of HPCs increased firstly and then decreased with the increment of erosion time, and a maximum value was reached at 84 days. An investigation by Acharya and Patro [11] has also found that the compressive strength of concrete under sulfate attack increases firstly and then decreases with the increase of erosion time, although the compressive strength of concrete is only determined at 28, 91, and 180 days in the literature. Between 0 and 84 days, there was a slow increase in the compressive strength of HPCs, after that the compressive strength decreased at a slower speed (compared to its increase) until 168 days, while the compressive strength was falling rapidly after 196 days. This result was in line with the changing trend of porosity during the same erosion time. The increase of compressive strength could be attributed to the fact that the HPCs absorbed water which resulted in further hydration of the cement and that a small amounts of reaction products between sulfate solution and HPCs filled cracks. The decrease of compressive strength was due to expansion, cracking, and the formation of M-S-H. Expansion and cracking generally resulted from expansive forces generated by sulfate reacting with the calcium aluminum hydrates to form ettringite [33] . The formation of M-S-H was because the magnesium could partly replace the calcium in C-S-H [6] . The cracking, in turn, made it easy to transport sulfate ions into concrete, which accelerated the deterioration of HPCs.
The compressive strength of HPC1, on the whole, was the highest before and after exposure to magnesium sulfate solution, which indicated that this kind of HPC had the strongest resistance to magnesium sulfate attack in terms of compressive strength. In addition, the compressive strength of HPC3 was lower than that of HPC0, which demonstrated that the sulfate attack resistance of HPC3 was lower than that of HPC0. That is, with this content (30%) of fly ash, the compressive strength of HPC could be reduced slightly, which was consistent with that of mass loss ratio (Figure 3 ).
Splitting Tensile Strength.
The splitting tensile strength of HPCs at different erosion time is shown in Figure 6 . As shown in Figure 6 , the splitting tensile strength of HPCs increased firstly and then decreased with the increase of erosion time, and a maximum value was reached at 84 days. This changing trend was in agreement with that of flexural strength in previous study [11] , although the flexural strength of concrete is simply measured at 28, 91, and 180 days in the paper. There was a slow increase in the splitting tensile strength of HPCs between 0 and 84 days, and then the splitting tensile strength decreased at a slower speed (compared to its increase) until 168 days, yet the splitting tensile strength dropped rapidly after 196 days. This result was accordant with the changing trends of porosity ( Figure 2 ) and compressive strength ( Figure 5 ) during the same erosion time. The reasons for the increase and decrease of splitting tensile strength were the same as those of compressive strength mentioned above.
The splitting tensile strength of HPC2, in general, was the highest before and after exposure to magnesium sulfate solution, which suggested that this kind of HPC had the strongest resistance to magnesium sulfate attack in terms of splitting tensile strength. In addition, the splitting tensile strength of HPC3 was lower than that of HPC0 after 224 days, which indicated that the sulfate attack resistance of HPC3 was lower than that of HPC0. In other words, with this content (30%) of fly ash, the splitting tensile strength of HPC could be decreased slightly, the result of which was accordant with those of mass loss ratio ( Figure 3 ) and compressive strength ( Figure 5 ).
UPV.
The UPV of HPCs before and after exposure to sulfate solution is presented in Figure 7 .
As seen in Figure 7 , the UPV of HPCs decreased continually with the increase of erosion time, and there was an accelerating process in the decrease of UPV after 308 days. This phenomenon corresponded broadly with the changing trends of the compressive strength ( Figure 5 ) and splitting tensile strength (Figure 6 ), the result of which indicated that the deterioration of HPCs in terms of mechanical strengths could be evaluated by the means of UPV test. The decrease of UPV with the increase of erosion time was due to the damaged microstructure and the induced sulfate attack damage in HPCs.
After 308 days, the UPV of HPCs was decreased significantly, which suggested that there was a sharp rise in the degree of deterioration in HPCs. Furthermore, the UPV of HPC2 was the highest after 308 days, which indicated that this kind of HPC had the strongest resistance to magnesium sulfate attack in terms of UPV. It was worth noting that the UPV of HPC3 was lower than that of HPC0 before 308 days, which demonstrated that the sulfate attack resistance of HPC3 was lower than that of HPC0 during this period.
Relationships between Strengths and UPV.
The relationships between strengths and UPV for HPCs are shown in Figure 8 .
As illustrated in Figure 8 (a), the compressive strength of HPCs increased quickly and then there was a slight fall with the increase of UPV, and their compressive strength evolution was accordant, the result of which could be described by a polynomial fitting, as the full line in Figure 8 
where cs is the compressive strength of HPCs and is the UPV propagation in HPCs. Similar to compressive strength, the splitting tensile strength of HPCs also increased sharply and then decreased slightly with the increase of UPV, as shown in Figure 8(b) . Their splitting tensile strength evolution was consistent, and the results suggested that a polynomial relationship could provide an approximation to assess the splitting tensile strength of HPCs via UPV. The following was the expression of the polynomial: sts = 18.56919 − 13.69795 + 4.24942
where sts is the splitting tensile strength of HPCs.
The R-Square of the polynomial fitting for compressive strength and splitting tensile strength was 0.9587 and 0.9684, respectively, which indicated that the fitting results matched rather well with the experimental data and that (9) and (10) could be used to evaluate the compressive strength and the splitting tensile strength of HPCs by UPV. In addition, the relationships between mechanical strengths and UPV of HPCs were different from those of ferro-siliceous concretes, and the compressive strength-UPV and splitting tensile strength-UPV relationships of ferro-siliceous concretes were Weibull distribution and exponential form, respectively [34] . Maybe that was because the deterioration of ferro-siliceous concretes was due to high temperature. It should be emphasized that the empirical formulas might not precisely predict the mechanical strengths (both compressive and splitting tensile strength) of HPCs with different compositions, such as different mineral admixtures, different aggregate types, and different water to binder ratio. On the whole, however, the models established in the paper were remarkably accurate to assess the mechanical strengths of HPCs under magnesium sulfate attack. In practice, the empirical models could provide a convenient way to evaluate mechanical strengths of HPCs subjected to magnesium sulfate environment. Figures 3 and 4 , both the mass loss ratio and expansion ratio of HPCs could be obtained. The initial density of HPCs could be calculated from (7) . Based on these results, the density of HPCs at different erosion time could be determined, as shown in Figure 9 . Therefore, the damage of HPCs at various erosion time could be calculated through (6) and is plotted in detail in Figure 10 .
Damage. According to
As illustrated in Figure 9 , the density of HPCs increased firstly and then decreased with the increment of erosion time, and a maximum value was reached at 84 days. This changing trend was accordant well with those of the porosity (Figure 2) , the mass loss ratio (Figure 3) , the compressive strength ( Figure 5 ), and the splitting tensile strength (Figure 6 ). The phenomenon of density gain for HPCs is in line with the results of high strength self-consolidating concrete under magnesium sulfate attack [1] . The density gain could be attributed to water filling cracks and to the water used to precipitate the hydrated phase, such as ettringite [29] . In addition, the density of HPCs was important input data for the calculation of their damage.
As shown in Figure 10 , the damage of HPCs increased sharply with the increase of erosion time. The damage of HPC2 was broadly the lowest before and after exposure to magnesium sulfate solution, which suggested that this kind of HPC had the strongest resistance to magnesium sulfate attack in terms of damage. When HPCs were exposed to magnesium sulfate solution, their damage evolution was accordant and could be described by an exponential fitting (the full curve in Figure 10 ). The exponential model could be expressed by an equation as follows:
where is the damage of HPCs and is the erosion time of HPCs. The R-Square of the exponential fitting was 0.9629, which indicated that the fitting result agreed very well with the experimental data and that (11) could be applied to characterize the damage evolution of HPCs under magnesium sulfate attack. It should be stressed that the damage of HPCs increased slowly between 0 and 84 days, which matched well with the changing trend of UPV (Figure 7 ) in the same term, but accorded not so well with the changing trends of porosity (Figure 2 ), compressive strength ( Figure 5 ), and splitting tensile strength ( Figure 6 ) during the same period. And different form of damage evolution was also reported by other researchers, such as Weibull distribution model [35] . These results might slightly jeopardize the damage assessment. On the whole, however, the model established in the study was reasonably precise to describe the damage evolution HPCs under magnesium sulfate attack. In practice, the established model could be utilized in damage assessment of HPCs and evaluation of magnesium sulfate attack.
In summary, HPC1 and HPC2 had the stronger resistance to magnesium sulfate attack than that of HPC0 and HPC3. Furthermore, compared to HPC1, HPC2 was shown to has higher porosity, lower mass loss ratio, lower expansion ration, lower compressive strength, higher splitting tensile strength, and lower damage. Consequently, the HPC2, on the whole, had the strongest resistance to magnesium sulfate attack.
Conclusions
In the paper, a new kind of HPC that has characteristics of both high strength concrete and self-consolidating concrete is designed, and the mechanical properties and damage evolution of HPC with different contents of fly ash under magnesium sulfate attack are comprehensively investigated. The main conclusions drawn in this study are as follows:
(1) The porosity of HPCs decreases slowly before a sharp rise with the increase of erosion time, and the porosity reaches the minimum value at 84 (HPC3) or 112 (HPC0, HPC1, and HPC2) days. The average increasing amplitude of porosity for HPCs is 34.01% before and after exposure to 10% magnesium sulfate solution. HPC1 has the strongest resistance to magnesium sulfate attack in terms of porosity.
(2) The mass loss ratio of HPCs decreases firstly and then increases with the increment of erosion time, and a minimum value is reached at 84 days. The mass loss ratio of HPCs, as a whole, is about between −0.25% and 1.60%. HPC2 has the strongest resistance to magnesium sulfate attack in terms of mass loss ratio.
(3) The expansion ratio of HPCs decreases quickly and then increases rapidly with the increase of erosion time, and the expansion ratio reaches the minimum value at 84 (HPC0, HPC2, and HPC3) or 112 (HPC1) days. Overall, the expansion ratio of HPCs is approximately between −0.45% and 0.96%. HPC2 has the strongest resistance to magnesium sulfate attack in terms of expansion ratio.
(4) The compressive strength of HPCs increases firstly and then decreases with the increment of erosion time, and a maximum value is reached at 84 days. HPC1 has the strongest resistance to magnesium sulfate attack in terms of compressive strength.
(5) The splitting tensile strength of HPCs increases firstly and then decreases with the increase of erosion time, and a maximum value is reached at 84 days. HPC2 has the strongest resistance to magnesium sulfate attack in terms of splitting tensile strength.
(6) The UPV of HPCs decreases continually with the increase of erosion time, and there is an accelerating process in the decrease of UPV after 308 days. HPC2 has the strongest resistance to magnesium sulfate attack in terms of UPV.
(7) The relationships between mechanical strengths and UPV for HPCs can be described by 2 polynomial fittings. In practice, the empirical models can provide a convenient way to evaluate mechanical strengths of HPCs subjected to magnesium sulfate environment.
(8) The damage of HPCs increases sharply with the increase of erosion time and can be described by an exponential fitting. In practice, the established model can be utilized in damage assessment of HPCs and evaluation of magnesium sulfate attack. HPC2 has the strongest resistance to magnesium sulfate attack in terms of damage.
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